Vesicular transport between successive compartments ofthe mammalian Golgi apparatus has recently been reconstituted in a cell-free system. In addition to ATP, transport requires both membrane-bound and cytosolic proteins. Here we report that the cytosol fraction from yeast will efficiently substitute for mammalian cytosol. Mammalian cytosol contains several distinct transport factors, which we have distinguished on the basis of gel filtration and ionexchange chromatography. Yeast cytosol appears to contain the same collection of transport factors. Resolved cytosol factors from yeast and mammals complement each other in a synergistic manner. These rmdings suggest that the molecular mechanisms of intracellular protein transport have been conserved throughout evolution. Moreover, this hybrid cell-free system will enable the application of yeast genetics to the identification and isolation of cytosolic proteins that sustain intracellular protein transport.
Eukaryotic cells establish and maintain the identities of subcellular organelles by means of a series of precisely programmed transfers of transport vesicles. The biochemical events by which these transport vesicles selectively extract desired proteins from one membrane-bounded compartment and then accurately deliver transported proteins only to the appropriate cellular destination are unknown. The first step in a mechanistic dissection of any biological process is to reconstitute the process in a cell-free system. With this functional assay, the required biochemical components can be defined. We have recently reported an in vitro system for the transport of protein between the successive cisternal compartments of the Golgi apparatus from mammalian cells (1, 2) .
Transport within the mammalian Golgi apparatus is particularly amenable to study in vitro, since the oligosaccharide chains on exported glycoproteins undergo well-characterized covalent modifications in the successive compartments ofthe Golgi complex (3) . These processing steps can serve as chemical indicators that intercompartmental transport has occurred. For example, the attachment of terminal Nacetylglucosamine (GlcNAc) to a glycoprotein such as the vesicular stomatitis virus (VSV) G protein occurs when it arrives in the medial Golgi compartment (2, 4) . To measure this transport in vitro, we routinely incubate together two types of Golgi stacks. One type of stack is from a VSVinfected mutant line of Chinese hamster ovary (CHO) cells that lacks GlcNAc transferase I and consequently cannot add terminal GlcNAc (5) ; the other is from uninfected wild-type CHO cells. Transfer of the G protein to the wild-type Golgi stacks is detected by the addition of tritiated GlcNAc.
Transport in the cell-free system requires both cytosolic and membrane-bound proteins.
The elucidation of sorting mechanisms will require identification of the proteins that facilitate vesicular transport. The cell-free system will enable purification of the responsible proteins. This task would be aided by modem molecular genetic methods. However, with the mammalian cell-free system, a complementary genetic approach is not feasible. To obviate this technical limitation, we have developed a hybrid yeast-mammalian transport system. Secretion has been studied extensively in yeast, principally by Schekman and colleagues (6) (7) (8) (9) (10) , who have defined the secretory pathway in yeast with a large collection of secretory (sec) mutants that are conditionally defective in particular steps in intracellular protein transport. They have found that the overall organization of intracellular transport in yeast is the same as in animal cells. Here we report biochemical experiments which demonstrate that the entire complement of cytosolic transport factors from yeast will replace their mammalian counterparts in our cell-free system.
MATERIALS AND METHODS
Materials. Bio-Gel A-1.5m (100-200 mesh) was from BioRad Laboratories. UDP-[3H]GlcNAc (specific activity, 24 Ci/mmol; 1 Ci = 37 GBq) was synthesized according to Lang and Kornfeld (11) . [2-3H]ATP (specific activity, 20 Ci/mmol) was from Amersham. Sources of other materials were described previously (2) .
Growth of Yeast Cells. We used the Saccharomyces cerevisiae strain X2180-1A (kindly provided by Ronald Davis, Stanford University). Yeast were grown in YPD medium (7) at 250C to mid-logarithmic phase (OD6w = 2-4). per assay) from maltose gradients were used (see above). The concentrations of magnesium acetate and UTP were changed to 1.5 mM and 50 ,uM, respectively. Finally, incubations were carried out at 320C for 1-2 hr.
Determination of ATP Levels. The level of ATP in the transport assay was monitored with tracer [3H]ATP as described (13) .
RESULTS
Yeast and Mammalian Cytosol Interchangeably Drive Protein Transport. In preliminary experiments, we investigated the ability of unfractionated yeast cytosol to substitute for mammalian cytosol (from either bovine brain or CHO cells) in the cell-free system for the transport of the VSV G protein.
Under our standard assay conditions, the cytosol fraction from yeast was completely inert (not shown). However, in mixing experiments, yeast cytosol completely inhibited the ability of bovine brain cytosol to stimulate the incorporation of [3H]GlcNAc into the VSV G protein. Since yeast contain high levels of carbohydrate-metabolizing enzymes such as invertase and hexokinase, the inhibition might have been due to depletion of ATP induced by the sucrose present in the enriched Golgi preparations that we employ in the assay. Indeed, in the presence of 0.2 M sucrose (the routine concentration in the assay), yeast cytosol completely eliminated ATP, despite the inclusion of an ATP-regenerating system (data not shown). To circumvent this difficulty, we purified the donor and acceptor Golgi membranes for the assay in density gradients composed of an alternate disaccharide-maltose (which is not a substrate for invertase). In the presence of Golgi membranes from maltose gradients, yeast cytosol efficiently sustained in vitro transport of G protein ( Fig. 1) and no longer inhibited the transport activity of bovine brain cytosol (not shown). As anticipated, ATP levels now remained constant throughout the course of the incubation period. In optimization experiments, transport in the presence of yeast cytosol proceeded up to 2-fold more efficiently at 32°C than at 37°C (the optimum for bovine brain cytosol). This lower temperature is closer to the optimum for yeast growth (-30°C).
The optimal buffer conditions differed only slightly from those previously established (see Materials and Methods). In control experiments, yeast cytosol-driven transport displayed the same set of specificities that we earlier demonstrated for mammalian cytosol (Fig. 2) To investigate whether yeast cytosol also contains this large transport factor, we chromatographed yeast cytosol on Bio-Gel A-1.5m under the same conditions. As with brain cytosol, the yeast VO fraction alone had little activity, but it did cause a 2-to 3-fold stimulation in the activity ofthe bovine brain Vi fraction (Fig. 5) . This shows that the yeast VO factor will substitute for the bovine factor in complementing the V; fraction to promote transport. Unlike total yeast cytosol, the yeast VO factor could be assayed in the presence of Golgi membrane fractions containing either sucrose or maltose. This is due to the fact that the inhibitory activities in yeast cytosol (presumably including invertase and hexokinase) chromatograph solely in the included region of the Bio-Gel A-1.5m column. At equivalent protein concentrations of the bovine brain VO fraction, the yeast VO fraction was approximately 20%o as active in facilitating transport (see legend to We have also obtained evidence for distinct transport factors in mammalian cytosol by ion-exchange chromatography. Four peaks in transport-sustaining activity can be resolved by chromatography of bovine brain cytosol on DEAE-cellulose (17) . Peak A corresponds to the flow- 
DISCUSSION
We have demonstrated here that cytosolic proteins from yeast will substitute for their mammalian counterparts in facilitating intercompartmental protein transport. This remarkable conservation implies that yeast and animals construct their membrane-bounded organelles by the same mechanisms. The degree of conservation is further emphasized by the fact that individual resdlved transport factors from yeast and bovine brain are similar in their chromatographic properties. Moreover, the yeast and mammalian proteins must be able to interact with one another to facilitate transport. Yeast cytosolic proteins must act upon Chinese hamster proteins on the Golgi membranes. Also, the complementation between the yeast VO factor and the brain V1 fraction is consistent with efficient interaction between cytosolic proteins from the two species. Beyond this, we have recently found that cytosol and Golgi membranes from a wide variety of other species will also function in the cell-free system (18). Cytosols from wheat germ, slime molds, and fish all effectively drive transport.
For genetic analysis of eukaryotic processes, yeast cells have rapidly become the experimental system of choice. For many biochemical and morphological studies, on the other hand, higher eukaryotes still have experimental advantages. In the case of protein export, cell fractionation techniques for the purification of organelles involved in the export pathway are well established. In addition, the morphological route Methods. In addition to an aliquot from the indicated fraction, each incubation mixture was supplemented with 0.5 /Ag of unfractionated CHO cell cytosol. The activity profile without added CHO cytosol was similar (data not shown). The background incorporation (subtracted from each point) due to the CHO cell cytosol alone (a separate batch from that used in Upper) was 570 cpm.
traversed by exported proteins and the processing steps undergone by these proteins have been extensively characterized in higher cells (3, 16 
